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Abstract. An experimental study of the bubble rise characteristics in non-Newtonian fluid with crystal suspension is 
presented in this paper. The suspension was made of different concentration of xanthan gum solutions with 0.23 mm 
polystyrene crystal particle. Different percentage of crystal content (by weight) was used to vary rheological properties. The 
effect of crystal particles and bubble volumes on the bubble rise velocity and bubble trajectory is analysed. The results show 
that the average bubble velocity increases with the increase in bubble volume for crystal suspended xanthan gum solution. In 
trajectory analysis, it is seen that the small bubbles experienced less horizontal motion in crystal suspended xanthan gum 
solution while larger bubbles followed a spiral motion. Experimentally determined data for the drag coefficient at high 
Reynolds number are compared with the results of other analytical and experimental studies available in the literature. The 
reported experimental data of drag co-efficient increases in crystal suspended xanthan gum solution for corresponding 
bubble volume and was found to be consistent with published data. 
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INTORDUCTION 
The rheology of high grade massecuites - a fluid made from sugar crystals and mother sugar syrup 
(molasses) is important for processing raw sugar [1]. In sugar factories, vacuum pans (large cylindrical vessels 
with vertical heating surfaces) are used to process the massecuite. Within the vacuum pans, bubbles play an 
important role by producing very strong circulation within the vessel. A solution of sugar and water is passed 
into a vacuum pan during the sugar refinement process and the solution is heated to evaporate water and 
concentrate the sugar solution to aid crystallization. 
Massecuites usually show a Power-Law non-Newtonian flow behaviour. The molasses and massecuites have 
approximately the same degree of shear thinning behaviour in terms of Power-Law index n, which lies between 
0.5 and unity [2]. Massecuites are not optically clear so for the study of bubble rise characteristics in massecuite 
fluids, it is essential to replicate the massecuite with an equivalent non-Newtonian fluid which is optically clear 
and has similar rheological properties to the massecuite. Moreover the investigation of massecuite fluids in a 
non-industrial environment faces problem due to the degradation during storage and changing rheological 
properties under different temperature conditions. Due to these issues, a series of stable and optically clear non-
Newtonian polymer solutions with different concentrations of polystyrene crystals were studied and 
characterized instead of using massecuite fluids. There is limited or no literature available on bubble rise 
characteristics in massecuite equivalent crystal suspended non-Newtonian Power-Law fluids. This study aims to 
investigate the behaviour of the bubble rise velocity and trajectory in non-Newtonian Power-Law fluids. The 
drag co-efficient correlation of the bubble is compared with the results of other analytical and experimental 
studies available in the literature. 
 
EXPERIMENTAL SET-UP AND PROCEDURE 
The description of the experimental apparatus was described elsewhere [3]. Bubble rise velocities were 
computed by a frame by frame analysis of successive images. These bubbles images were analysed with 
software of windows movie maker by which the bubble rise time was measured. Bubble trajectory was 
determined from the still images collected from the digital video camera by analyzing the pixel location of the 
bubble images in the still frames. The Reynolds number and the drag co-efficient were computed by [4,5]  
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where eqd is the bubble equivalent diameter, wd  is the diameter of the horizontal projection of bubble, s is the 
density of crystal suspended fluid, 
bU is the bubble velocity, K is the consistency of the fluid, and n is the power 
law index. 
TEST FLUID AND ITS CARACTERIZATION 
 
A number of combination of different concentrations of polymer solutions with different concentrations of 
polystyrene crystal (including several polyacrylamide, xanthan gum and carboxyl methyl cellulose) mixed with 
water were tested for the selection of the massecuite equivalent non-Newtonian fluid. The concentration of 
0.05% xanthan gum solution with 1% (by weight) crystal exhibited shear thinning pseudoplastic behaviour and 
showed the closest similarities to the rheological properties of massecuites at low shear rate. For that reason, 
crystal suspended xanthan gum solution was used in this study to replicate the properties of massecuite 
solutions. The rheological properties for crystal suspended xanthan gum solutions were measured using an 
ARES (Advanced Rheometric Expansion System) with a bob and cup geometry.  
RESULTS AND DISCUSSION 
The velocity of crystal suspended xanthan gum solution for bubble volumes of 0.1mL – 10.0mL at two 
different liquid heights are presented in Figure 1(a). It is seen that the bubble velocity increases with the increase 
in bubble volume. The average bubble velocity for these bubble sizes was between 0.21 m/s and 0.326 m/s at 
1.4 m height. On the other hand, the average bubble velocity for the same bubble sizes was observed between 
0.22 m/s and 0.33 m/s at 1 m height.  
 
 
FIGURE 1(a). Velocity profile for crystal suspended xanthan gum solutions at two different heights, (b) Rise trajectories of 
two different sizes of bubble and (c) Schematic rise trajectories of two different sizes of air bubbles. 
 
The average bubble velocity in xanthan gum with crystal suspension was observed less in comparison with 
the same concentration of xanthan gum without crystal [3].  
The trajectory results of crystal suspended xanthan gum solutions are shown in Figure 1(b) for different 
bubble sizes when measured over a height of 1.0 m from the point of air injection and Figure 1(c) displays the 
schematic pictures of the bubble trajectories of air bubbles in xanthan gum solution. It is seen from Figure 1(b) 
and Figure 1(c) that the smaller bubble of 0.1mL deviated more horizontally from the release point and started 
to rise with zigzag motion. This horizontal deviation was observed less in crystal suspended solution than that of 
xanthan gum solution without crystal. This is due to the presence of crystal in xanthan gum solution which 
increased the solution viscosity and bubble experienced more friction restricting the horizontal movement. For 
larger bubble of 5.0mL, initially it followed a straight path before changing to a helical motion and finally to a 
spiral motion. With the presence of crystal particle, larger bubble produced more spiral motion. 
Bubble drag co-efficient as a function Reynolds number is presented in Figure 2. The current experimental 
data are compared with the widely accepted correlation of the drag co-efficient. The reported experimental data 
of drag co-efficient increases in crystal suspended xanthan gum solution for corresponding bubble volume. As 
seen, the new experimental data agree well with the published data [4,6,7].  
 
 
 
FIGURE 2. Drag co-efficient vs. Reynolds number for rising air bubble in crystal suspended xanthan gum 
solution.  
CONCLUSION 
From this study it is found that the average bubble velocity increases with the increase in bubble volume. In 
trajectory analysis, it is seen that small bubbles experienced less horizontal motion in crystal suspended xanthan 
gum solutions in comparison with the bubble rise in xanthan gum solution of without crystal. Larger bubbles 
produced more spiral motion in crystal suspended xanthan gum solution. The relationship between Cd-Re for 
crystal suspended xanthan gum solution showed acceptable results with the studies in the literature. It is seen 
that the reported experimental data of drag co-efficient increased in crystal suspended xanthan gum solution for 
corresponding bubble volume. 
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